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Does forest extent affect salamander survival? Evidence from a 
long- term demographic study of a tropical newt























ous	 research	 on	 amphibians	 has	 mostly	 focused	 on	 effects	 at	 early	 life	 stages.	
Paramesotriton hongkongensis	is	a	tropical	newt	that	breeds	in	streams	but	spends	up	
to	10	months	per	year	 in	 terrestrial	habitats.	Populations	are	 threatened	by	habitat	
degradation	and	collection	for	the	pet	trade,	but	the	cryptic	terrestrial	lifestyle	of	this	
newt	has	limited	our	understanding	of	its	population	ecology,	which	inhibits	develop-
ment	 of	 a	 species-	specific	 conservation	 plan.	We	 conducted	 an	 eight-	year	 (2007–
2014)	mark–recapture	study	on	four	P. hongkongensis	populations	in	Hong	Kong	and	
used	these	data	to	evaluate	relationships	between	forest	cover,	body	size,	and	rainfall	
on	 survival	 and	 to	 estimate	 population	 sizes.	 Hong	 Kong	 has	 been	 subjected	 to	




(~60%)	was	 similar	 to	 that	 of	 other	 stream-	dwelling	 amphibians,	 but	 varied	 among	
years	 and	 declined	 substantially	 in	 2012–2013,	 perhaps	 due	 to	 illegal	 collection.	
Despite	the	link	between	forest	extent	and	survival,	population	sizes	declined	at	the	
most	forested	site	by	40%	and	increased	by	104%	and	134%	at	two	others.	Forest	
protection	and	consequential	 secondary	 succession	during	 recent	decades	 in	Hong	
Kong	may	have	been	responsible	for	persistence	of	P. hongkongensis	populations.







on	 changes	 in	 species	 composition,	 and	examinations	of	 impacts	 to	
population	demography	are	limited	for	the	region.	Many	species	with	
biphasic	life	cycles	spend	their	early	life	stages	in	aquatic	habitats	and	












To	 date,	 long-	term	 demographic	 studies	 on	 newts	 (Family	
Salamandridae)	have	focused	on	temperate	species	(Griffiths,	Sewell,	
&	McCrea,	2010;	Schmidt,	Schaub,	&	Steinfartz,	2007),	while	research	
on	 tropical	 salamandrids	 is	 relatively	 scant	 (but	 see	 Fu,	 Karraker,	
&	Dudgeon,	2013).	Such	geographic	bias	 is	not	 limited	 to	newts,	as	
studies	on	plants,	invertebrates,	and	vertebrates	from	Southeast	Asia,	
which	 is	characterized	by	high	species	diversity	and	high	threat	 lev-
els,	 accounted	 for	 only	 6%	 of	 the	 conservation	 literature	 published	
from	2011	 to	 2015	 (i	Marco	 et	al.,	 2017;	 Sodhi,	 Koh,	Brook,	&	Ng,	
2004).	Recent	work	on	tropical	salamandrids	has	largely	centered	on	





in	 the	United	 States	 is	well	 documented:	 Relative	 counts	 of	 terres-
trial	plethodontids	decreased	by	onefold	 to	 fivefold	 following	clear-	
cuts	(Petranka	et	al.	1993;	Sattler	&	Reichenbach,	1998;	Knapp,	Haas,	
Harpole,	 &	 Kirkpatrick,	 2003);	 pond-	breeding	 ambystomatids	 re-
sponded	mostly	negatively	to	clear-	cuts	and	partial	clear-	cuts	in	terms	
of	 adult	 survival,	 juvenile	 survival,	 and	 water	 loss	 (Semlitsch	 et	al.,	
2009);	monthly	survival	of	Plethodon shermani	from	harvested	forest	
plots	was	6%	lower	than	those	from	unharvested	plots	 (Connette	&	










population	 declines	 associated	 with	 habitat	 degradation	 and	 over-
exploitation	 for	 the	 pet	 trade.	 Forests	 throughout	Hong	Kong	 have	
been	 cleared	 repeatedly	 since	 the	 16th	 century,	with	 the	most	 re-
cent	episode	occurring	in	the	1940s	during	the	Japanese	occupation	






Virtually	 nothing	 is	 known	 about	 effects	 of	 historic	 range-	wide	
deforestation	and	contemporary	forest	recovery	on	P. hongkongensis,	
but	 its	 fidelity	 to	 breeding	 sites	 and	 predictable	 seasonal	migration	
patterns	(Fu	et	al.,	2013)	indicate	that	populations	of	this	newt	would	
















2  | MATERIALS AND METHODS
2.1 | Study species
In	Hong	Kong,	P. hongkongensis	primarily	occupies	second-	to	fourth-	






trial	 habitat	 following	 metamorphosis,	 which	 takes	 several	 months	
(Kong	&	Tong,	1986).	Juvenile	newts	spend	an	estimated	1–3	years	
on	land	before	returning	to	the	stream	as	reproductive	adults,	which	
exhibit	 site	 fidelity	 and	visit	 the	 same	breeding	pool	 repeatedly	 (Fu	
et	al.,	2013;	Kong	&	Tong,	1986).
2.2 | Study sites and sampling methods
We	conducted	a	mark–recapture	study	in	four	third-	or	fourth-	order	
streams	 that	 are	 breeding	 sites	 for	P. hongkongensis	 in	Hong	Kong,	
southern	China	(Figure	1).	Mui	Tsz	Lam	(hereafter	MTL;	129–292	m	
above	 sea	 level	 [asl])	 comprised	 three	 pools	 along	 a	 1.6	km	 stream	
section	 surrounded	 primarily	 by	 well-	established	 secondary	 forest;	
the	Kowloon	Peak	(KP,	422	m	asl)	site	consisted	of	two	pools	along	
a	20-	m	stream	section	surrounded	by	a	mixture	of	secondary	forest	
and	shrubland;	Ho	Chung	 (HC,	102	m	asl)	was	a	 single	 stream	pool	
surrounded	by	secondary	forest	and	shrubland;	and	Pak	Ngau	Shek,	
(PNS,	86	m	asl)	was	a	stream	pool	surrounded	by	a	mixture	of	aban-
doned	 agricultural	 land	 (~25%),	 shrubland	 (~25%),	 and	 secondary	
forest	(~50%).	Secondary	forests	in	these	sites	are	similar	in	age	and	
tree	composition,	being	less	than	50	years	old	(except	MTL,	which	is	
slightly	more	mature)	and	dominated	by	Psychotria asiatica, Machilus 
chekiangensis,	and	Schefflera heptaphylla.	Of	these	four	sites,	only	PNS	
is	situated	outside	of	the	country	park	system.
We	 surveyed	 for	 adult	 P. hongkongensis	 at	 seven	 stream	 pools	
monthly	 from	 October	 to	March	 from	 2007	 to	 2014.	 During	 each	
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were	 considered	 to	 be	 transients	 (Kendall,	 Nichols,	 &	Hines,	 1997;	
Schmidt	et	al.,	2007).
WildID	 (v1.0.1)	 was	 used	 for	 computer-	assisted	 photograph	












2.3 | Modeling survival probabilities and 
population size
We	used	 the	 robust	 design	 (hereafter	RD;	Kendall	 et	al.,	 1997)	 im-
plemented	 in	Program	MARK	ver.	8.1	 (White	&	Burnham,	1999)	 to	
model	annual	apparent	survival	(S),	temporary	emigration	(G’	and	G”),	
capture	probability	(p,	set	equal	to	recapture	probability	(c)	to	assume	








































are	considered	 to	be	 indistinguishable	 from	each	other	 (Burnham	&	
Anderson,	2002).





























We	calculated	NDVI	 from	WorldView-	2	multispectral	 satellite	 im-
ages	 (resolution	=	1.2	 m)	 (courtesy	 of	 Digital	 Globe	 Foundation)	
using	 the	 built-	in	 NDVI	 function	 in	 ArcMAP	 (ESRI,	 version	 10.1,	
Redlands,	CA,	USA).	 The	 resulting	NDVI	 values	 range	 from	−1	 to	









2014	 (Fig.	S1).	 In	KP,	because	 the	 two	stream	pools	are	 less	 than	
10	m	apart,	we	used	the	same	NDVI	value	for	both	pools.
2.5 | Rainfall during the terrestrial phase
To	 quantify	 rainfall	 at	 study	 sites,	we	 obtained	monthly	 rainfall	 re-
cords	from	the	Hong	Kong	Observatory	(http://www.hko.gov.hk).	We	
calculated	mean	cumulative	rainfall	 for	 the	six-	month	period	 (April–
September,	when	~90%	of	the	annual	rainfall	in	Hong	Kong	was	ac-





To	 verify	 survival	 and	 recapture	 rate	 estimates	 obtained	 from	 RD	
models	 and	 to	 obtain	 breeding	 pool-	specific	 survival	 and	 recapture	
probability	 estimates,	 we	 collapsed	 the	 encounter	 histories	 to	 only	













Between	 2007	 and	 2014,	 42	 surveys	 were	 conducted	 on	 seven	
primary	 occasions	 (years),	 with	 six	 secondary	 occasions	 (months)	
within	 each	 primary	 occasion.	 Surveys	 resulted	 in	 the	 capture	 of	
9601	newts	representing	3673	different	individuals	(1910	females,	
1763	males),	 comprising	 418	 from	HC,	 771	 from	 KP,	 1654	 from	
MTL,	 and	830	 from	PNS.	Average	 (±SE)	 duration	of	 stay	 in	 pools	
was	similar	among	sites,	ranging	from	1.4	±	0.03	month/yr	 (KP)	to	
1.9	±	0.03	period/yr	(MTL),	which	translates	to	about	42	to	57	days	
per	 visit.	On	average,	males	 stayed	 in	breeding	pools	 longer	 than	
females	 (1.85	±	0.03	 versus	 1.52	±	0.02	month/yr).	 Newts	 cap-
tured	 from	 MTL	 and	 HC	 were	 longer	 than	 those	 captured	 from	
KP	and	PNS	(Table	1).	In	total,	957	newts	were	recaptured	(return	
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rate	=	25.6%)	on	two	or	more	primary	occasions,	while	2,716	newts	
were	 transients.	 Recaptured	 individuals	 provided	 the	 data	 from	
which	annual	survival	was	modeled.
The	extent	of	forest	cover	around	breeding	sites	and	body	length	
(SVL)	was	 the	most	 important	 factors	 that	 influenced	 survival	 in	 P. 
hongkongensis,	 as	 models	 that	 included	 NDVI	 and	 SVL	 consistently	
ranked	 higher	 than	 those	 without	 (Table	2).	 The	 most	 parsimoni-
ous	 RD	 model	 was	 [S(year	+	NDVI	+	SVL)	 G”(sex	+	month)	 	=	G’ 
p(sex	+	year	+	month)	 	=	c f0(sex	+	year)],	which	 indicates	 that	appar-
ent	 survival	 (S)	 of	 adult	 P. hongkongensis	 varied	 between	 years	 and	
was	positively	associated	with	the	extent	of	forest	cover	within	core	
habitat	(βNDVI	=	15.46,	SE	=	1.46)	and	was	negatively	related	to	body	
size	 (SVL,	βSVL	=	−0.03,	SE	=	0.01).	Newt	S	 (survival)	at	 the	site	with	
the	highest	forest	cover	was	almost	30%	higher	than	at	the	site	with	
the	 least	 cover	 (Figure	3a),	 and	 S	 of	 the	 smallest	 newt	was	 almost	
30%	higher	than	that	of	the	largest	individual	(Figure	3b).	S	was	sta-
ble	across	most	years	(average	=	0.58	±	0.04,	range		=	0.28–0.77)	but	
was	 considerably	 reduced	 (to	 >0.30)	 during	 2012–2013	 (Figure	3c).	
Median	 c-	hat	 procedures	 conducted	 on	 breeding	 pool-	specific	 CJS	
models	showed	a	reasonable	fit	(mean	c-	hat	across	all	7	pools	=	1.38,	
range	=	0.80–2.52).	 Survival	 and	 capture	 probability	 estimates	 from	
RD	models	were	similar	to	those	estimated	from	the	CJS	model	but	
were	more	precise	with	 smaller	margins	of	 error.	 Survival	 estimates	


















No. of  
captures
No. of 
recaptures SVL (mm) ±SE
HC 418 64 69.84	±	0.16
KP 771 148 66.08	±	0.12
MTL 1654 538 70.06	±	0.08
PNS 830 201 66.70	±	0.12





Model AICc ΔAICc Model weight Likelihood Num. par. Deviance
S(year	+	NDVI	+	SVL)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9604.7 0.0 0.73 1.00 118 −9843.87
S(year	+	NDVI	+	SVL	+	RF)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9602.6 2.1 0.26 0.36 119 −9843.87
S(year	+	NDVI)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9594.1 10.6 0.00 0.01 117 −9831.25
S(year	+	NDVI	+	RF)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9592.0 12.6 0 0 118 −9831.25
S(year)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)*
−9492.9 111.7 0 0 116 −9728.02
S(year	+	SVL)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9492.3 112.4 0 0 117 −9729.45
S(year	+	RF)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9490.9 113.8 0 0 117 −9728.02
S(year	+	SVL	+	RF)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9490.2 114.4 0 0 118 −9729.44
S(year)	G”(sex	+	month)	G’(sex	+	month)	
p(sex	+	year	+	month)		=	c f0(sex	+	year)
−9487.1 117.5 0 0 126 −9742.80
S(sex	+	year)	G”(sex	+	month)		=	 
G’ p(sex	+	year	+	month)		=	c f0(sex	+	year)














(MTL	and	PNS)	 increased	 in	 size,	one	 remained	stable,	and	one	de-
creased	in	size	(Figure	5).	Population	sizes	at	MTL	and	PNS	increased	
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a	strong	 indicator	of	 the	quality	of	core	 terrestrial	habitat.	Previous	
studies	have	demonstrated	impacts	of	forest	clearance	on	survivorship	
of	amphibians	(Connette	&	Semlitsch,	2015;	Otto,	Roloff,	&	Thames,	
2014;	 Rittenhouse,	 Harper,	 Rehard,	 &	 Semlitsch,	 2008;	 Rothermel	
&	Semlitsch,	2006;	Todd	&	Rothermel,	2006)	and	consequential	 in-
creases	in	risk	of	population	extinction	where	forest	cover	has	been	
reduced	 substantially	 (Harper,	 Rittenhouse,	 &	 Semlitsch,	 2008),	 as	
well	as	life	stage-	specific	responses	to	different	timber	management	







In	 contrary	 to	 our	 initial	 prediction	 of	 a	 positive	 effect	 of	 body	
length	on	 survival,	 smaller	newts	had	higher	 survival	 than	 larger	 in-









negative	 effect	 of	 size	on	 survival	 and	 lower	 survival	 observed	 in	 a	
well-	forested	site	could	be	related	to	the	difference	in	age	structure	


















similar	 to	 that	 of	T. cristatus	 in	 Europe	 (Griffiths	 et	al.,	 2010)	 and	 a	
sympatric	 stream-	dwelling	 frog	 from	Hong	 Kong	 (Quasipaa spinosa,	
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et	al.,	 2007;	 49%	 over	 5	years,	 Lee	 et	al.,	 2012;	 93%	 over	 3	years,	
Unglaub,	Steinfartz,	Drechsler,	&	Schmidt,	2015).	Given	our	relatively	
low	capture	probability	(~40%),	the	presence	of	large	numbers	of	tran-
sients	may	be	 due	 to	 some	newts	 entering	 and	 leaving	 pools	with-
out	being	captured.	Alternatively,	individuals	may	have	bred	in	other	
pools	 (Bucciarelli,	Green,	Shaffer,	&	Kats,	2016)	or	skipped	breeding	












yet	 its	corresponding	adult	 survival	was	 the	 lowest	 (Figure	3a),	 sug-
gesting	 that	 factors	other	 than	adult	annual	 survival	may	be	driving	






quirements	or	growth	 rates.	Juvenile	 survival	 rate	of	 salamanders	 is	
notoriously	hard	to	estimate	directly	because	of	difficulty	in	relocat-
ing	 juveniles	on	an	annual	basis,	but	 it	 is	an	 important	parameter	 in	
staged-	based	demographic	models	built	to	predict	population	trends	
(Harper	 et	al.,	 2008;	Trenham	&	 Shaffer,	 2005).	These	models	 have	
shown	 that	 amphibian	population	growth	 can	be	 sensitive	 to	varia-













ported	 from	Hong	Kong	 to	 the	United	 States	 (Kolby	 et	al.,	 2014).	
Prior	to	the	recent	importation	ban	on	Asian	salamanders	(USFWS,	
2016),	 the	 trade	 in	 live	Asian	 salamandrids	 into	 the	United	States	
was	 substantial:	 >770,000	 individuals	 of	 >10	 species	 imported	
via	Hong	Kong	alone	between	2006	and	2010,	 including	223,924	








similar	 breeding	 habits	 (e.g.,	 Laotriton laoensis;	 Phimmachak	 et	al.,	
2012).	It	is	unclear	whether	the	sudden	decline	in	survival	observed	
in	2012–2013	was	related	to	collection	during	summer	2012	when	
newt	 shipments	were	 imported	 to	 the	United	 States,	 but	 the	 ex-
ported	animals	were	unlikely	to	be	captive	bred—something	that	is	
not	known	to	occur	on	any	scale	in	Hong	Kong	or	southern	China.	
Although	 P. hongkongensis	 is,	 in	 theory,	 protected	 from	 poaching	
by	 the	Hong	 Kong	Wild	Animals	 Protection	Ordinance	 (Cap.170),	
charges	upon	violation	of	 this	 regulation	are	brought	 forth	 in	only	





of	 the	 land	 area	 in	Hong	Kong	 and	 are	 primarily	 secondary	 forests.	
These	 populations	 of	 this	 forest-	dependent	 newt	 derive	 benefits	
from	 their	 occurrence	 in	 protected	 areas,	 where	 secondary	 forests	
continue	to	mature	and	deforestation	is	unlikely	under	current	regula-
tions.	However,	outside	of	Hong	Kong,	P. hongkongensis	are	known	to	
occur	only	 in	a	few	isolated	 localities	 in	Guangdong	Province,	and	 it	
is	 unknown	whether	 populations	 persist	 outside	 of	 protected	 areas	
and	whether	enough	 forest	 remains	 for	 this	 species	 to	 shrive	 in.	To	




3)	 increasing	 patrol	 in	 protected	 areas	 to	 discourage	 activities	 such	
as	 illegal	 logging,	electrofishing,	and	collection	of	newts.	Locally,	we	
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